INTRODUCTION
Although a large number of investigations have been carried out with the purpose of throwing some light on the mechanism of the so called second phase of blood clotting, the transformation of fibrinogen into fibrin under the influence of thrombin, it must be admitted that our actual knowledge in this feld is very slight. In the complex of problems mentioned one can distinguish three main questions: (1) What is the nature of the reaction between thrombin and fibrinogen; is thrombin an enzyme? (2) What kind of forces cause the insolubility of fibrin in contrast to the solubility of its precursor? (3) What details may be described from the point of view of macromolecular morphology? In this series of papers the first two questions will be dealt with. ~First, some theoretical considerations will be discussed (sections 1 and 2).
Fibrinogen is, under suitable conditions, a soluble protein with threador rod-shaped molecules. Fibrin is a gel. The difference between a gel and a sol of lineary molecules is that in a gel the interference between the anisometric particles is so strong that the system is able to exert a certain resistance against mechanical deformation. A lineary sol can change into a gel by strong elongation of the particles or by a meshy association between the long particles by new bonds. A gel without fixed connections between the particles can take up an unlimited amount of solvent. A gel with connective bonds on the other hand can take up only as much solvent as the structure allows. Under normal conditions the swelling of fibrin is of the limited type.
Recently Signer and von Tavel (8) studied an interesting case of the genesis of a gel with limited swelling: the mutual linkage of molecules of methylcellulose with oxalyl chloride. So the solution of the methylcellulose is, :by means of main valency bridges, transformed into a gel with a definite structure. In certain respects one can regard methylcellulose and oxalyl chloride as models of fibrinogen and thrombin respectively.
It must be remarked, however, that the forces which limit the possibility of swelling need not to be of the nature of main valency bridges. The forces operating in the class of phenomena known as "coacervation" (see section 2) 103 are likewise able to form connections of sufficient strength. A gelatin gel for instance shows limited swelling in a solution of an alcohol of a concentration which causes coacervation of liquid gelatin (unpublished data). This is a point of importance for biology, because the coacervation forces are easily affected by external factors, and therefore may be varied much more easily than main valencies. In protoplasm, the intensity of the binding forces changes continuously in connection with the phenomena of life. What kinds of forces determine the gelatination of fibrinogen during its transformation into fbrin is entirely unknown. A number of facts give the impression that some process of coacervation plays a r61e, and it was with this hypothesis (which turned out to be right) that this investigation was started.
The method of investigating the nature of binding forces in a case such as ours is to study the effect of added substances upon the intensity (strength, number) of the bonds. The method of investigating blood clotting is to observe the clotting time of a system of certain composition. Is there any possibility of connecting these two things?
The first visible clotting occurs if a certain number of bonds n are formed; 1 n is a certain fraction ~ of the number of bonds m which are maximally possible under the given conditions. As the formation of the bonds is a time reaction the number n will be reached after a certain time t~ after the mixing of fibrinogen and thrombin. If we now in another experiment add some substance which weakens the tendency to bond formation, the number of bonds maximally possible, m p, is now smaller than m, and the number of bonds n p formed in the time to is smaller than n, therefore no clotting is visible. Clotting only occurs if after a longer time n is reached, which is of course only possible if m' is not smaller than n. For m ~ < n no clotting occurs at all; the inhibition is then complete. In the range of n < m t < m the clotting time is a quantitative (though not lineary) standard of the weakening of the binding tendency.
Having a means of measuring the binding tendency we can test the hypothesis of the participation of a coacervation process by the criteria developed in the next section.
Coacemation
Our knowledge of coacervation is almost exclusively due to the extensive researches of Bungenberg de Jong (2, 3). According to him, a coacervate is a condensed system of colloids between which certain attractive (and repulsive) forces act. In a complex or autocomplex coacervate the attraction is due to the presence of positive and negative charges on the components of the colloidal system. In the group of complex coacervates there are two components, one positive and one negative. In the autocomplex systems there is only one component, bearing a pattern of positive and negative charges simultaneously. If the strength of the attracting forces is sufficient, the system condensates. The visible effect of this depends on the nature of the substances involved: liquid coacervates (for instance drops), gels, films, fibers, etc.
As is generally the case with colloids, neutral salts have the property of decreasing the effective charges. Cations decrease negative, anions eliminate positive charges. Because in a complex or autocomplex coacervate the components are kept together by electrostatic attraction, their stability is decreased by addition of salts.
In the elimination of the charge of colloid particles, polyvalent, or highly polarisable ions are far more efficient than simple monovalent ions. So a negative sol is flocculated more easily by CaC12 than by NaC1 (valency rule of Schulze-Hardy). In a complex or autocomplex coacervate the attraction is determined by both kinds of charges, so their stability is decreased by salts according to a double valency rule:
The pairs of numbers indicate the valencies of cations and anions respectively; for instance, LaC13 is a representant of the 3-1 class.) The finer differences between the members of a salt class, for instance between the alkali halides, are caused by the differences in ionic radius, polarisability, and polarising power, and can be understood or predicted on the basis of the theory of the electrostatic bond (as summarised by van Arkel and de Boer, 1). We can refine these statements by some quantitative derivations making use of potential curves (Fig. 1) . We consider the simplest case of a mixture of positive and negative dissolved particles of a charge Z e in a medium of the dielectric constant ~. The attractive force between them is, according to Coulomb:
in which a is the distance between the particles. The energy which is gained when two particles approach each other up to a distance r is calculated as:
The energy of the attraction is therefore proportional to -(curve A in Fig. 1 ). r The repulsion includes effects of different nature. In earlier years Bungenberg de Jong tried to explain it by the repulsion between the hydratation orbits. As no such a hydratation exists, it cannot be used for our purpose. At greater distances (such as those prevailing in liquid coacervates) it is mainly the diffusion tendency which acts toward preventing aggregation. We can calculate its effect most easily on the roundabout way v/a osmotic pressure. inversely proportional to the third power of the mean distance between the 1 particles. In more concentrated solutions, 7r is proportional to -~, in which r n>3. At very small distances between the particles real repulsive forces come into action, in which still higher (and increasing) values, for instance n= 8, are valid (cf. van Arkel and de Boer; Pauling). For the energy potential of the repulsion we find:
in which _P is some constant, which is indifferent for the present purpose, and in which n = 3 for large distances, but increases if the particles approach each other (curve R in Fig. 1 ).
The total energy effect E is found by addition of the effects of attraction and repulsion:
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Its dependence on the distance between the particles is shown by curve E in Fig. 1 . At a suitable value of the opposite charges the energy effect shows a definite minimum at a certain particle distance rA. In such cases coacervation occurs. If now, for instance by addition of neutral salts, the strength of the attraction is diminished sufficiently (curve A'), then the resulting curve E' does not show a minimum; this means that the particles are distributed evenly in the solution, and the existence of the coacervate is impossible. Increase of the attraction by increased charges or by a lowering of the dielectric constant (for instance by addition of alcohol) on the other hand causes an intensification of the coacervation (curves A" and E"), demonstrating itself for example in a higher resistance against salts, and in a decrease of the particle distance (rA 'p <rA).
Apart from complex coacervation due to electrostatic attraction other cases exist, in which the affinity between lipoid molecules is the cause of the attraction. These cases need not be considered now.
If one wishes to decide whether complex or autocomplex coacervation plays a r61e in the formation of fibrin from fibrinogen by thrombin, one has to investigate whether neutral salts inhibit the velocity of clotting of a mixture of fibrinogen and thrombin according to a double valency rule.
Material and Methods
(a) Fibrinogen--Fibrinogen of high purity (95 to 100 per cent) is prepared from cattle blood by a method, in some respects similar to that of Laki (5, 6) . The fibrinogen is precipitated from oxalated plasma with ammonium sulfate (0.2 saturated), the precipitate is washed in ice cold NaC1 solution (0.7 per cent), dissolved in NaCl solution of the same concentration, precipitated by adding an equal volume of saturated sodium chloride solution, and redissolved in 0.7 per cent NaC1. It is then purified with Laki's adsorption method, and reprecipitated with (NH4)2SOi. It is redissolved then in 0.7 per cent NaC1, and freed from ammonium sulfate by dialysis. The crystaUisation, according to Laki, has been omitted, since cattle fibrinogen, once crystallised, is insoluble.
In most experiments I used solutions containing 20 rag. of fibrinogen per era. 8. They are pure white and slightly opalescent.
(b) Determination of Fibrinogen.--Upon addition of thrombin to a fibrinogen solution, the whole solution solidifies. Under suitable conditions (see Laki, 5, 6 ) the gel does not stick to the wall of the tube, and can be squeezed out by means of a spatula. The mass is washed several times, dried, and weighed.
In order to determine the purity of the fibrinogen a determination of the total protein contents is made in another aliquot of the solution bymeans of trichloroacetic acid.
(c) Thrombin.--Prothrombin is precipitated (together with much fibrinogen)from oxalated cattle plasma by pouring out into eight volumes of cold distilled water and adding acetic acid till a pH of 5.3 is reached. The precipitate is then dissolved in Ca-free Ringer solution, and the prothrombin activated by addition of CaC12 and brain thrombokinase. After separation of the fibrin formed the thrombin is precipitated and dried with acetone. Such preparations have a strength of 0.1 to 2.00 (usually 1.0) unit per mg. (see below). By redissolving and repeating the precipitation with acetone the activity can be raised to 5 to 10 units per rag. Further purification was obtained by a procedure to be published in a paper on thrombin. So preparations of 800 and more units per mg. have been obtained. It is not certain that this is the pure substance, but possible impurities do not affect the results of this investigation, since it was found to be immaterial whether thrombin of 2 units per rag. or of 1000 units per mg. was used. Likewise fibrinogen of lower purity than 95 to 100 per cent gave identical results.
(d) Determination of Thrombin.--Thrombin is determined through its effect upon blood, plasma, or fibrinogen solution. In this work I used a simple determination according to Gerend~s (unpublished data): 0.2 cm. s oxalated cattle blood is mixed with 0.4 cm. s 0.7 per cent NaCI solution in one of the holes of a plate of Jena glass, as used in drop analysis (so called "Tiipfelplatte" of Schott, Jena); 0.2 cm. s thrombin (in 0.7 per cent NaC1) is added, and the time is noted after which the solution, when a flue glass loop is drawn from it, shows a fibrous appearance. This point can be determined very accurately; if it is 60 seconds, the thrombin solution is said to contain 1 unit per cm. 3. A unit is therefore the quantity which clots, at room temperature, 1 cm. s of oxalate blood (diluted to 4 cm. s with 0.7 per c~nt NaCI solution) in 1 minute. The method is very useful for the study of commercial styptics. For scientific purposes a test in a simpler system with an invariable standard would be better; this problem is under consideration. All experiments were done at room temperature, 20°C.
The Effect of Neutral Salts upon the Clotting of Fibrinogen with Thrombin
(a) NaCl and KCI.--As will be seen from Fig. 2 both salts have the property of inhibiting the clotting. Relatively high concentrations are needed, and the inhibition does not exceed a prolongation of more than ten times.
Higher concentrations of about 2 equivalents precipitate the fibrinogen.
(b) Potassium Halides.--In the series KC1-KBr-KI we meet with a strong increase in inhibiting power (Fig. 2) . This result is easily understandable: the anions are effective by eliminating positive charges. Iodide is t0 t, more active than bromide, and this more than chloride, because in the halide series the ionic radius increases and the hydratation decreases, and because the larger ions are more easily deformable (Table I) .
(c) Bivalent Cations.-- Fig. 3 shows the effects of the halides of Mg, Ca, Sr, and Ba. As will be seen, these 2-1 salts inhibit very much more effectively than the 1-1 electrolytes.
Regarding the differences in activity between these salts, we should expect the series Mg'" <Ca" <St'" <Ba" ", which is the series of increasing ionic ra.dius and polarisability and of decreasing hydratation, but the differences will be much smaller than in the potassium halide series, because in the cations the polarisability is much lower than in anions (Table II) . Except for an inversion between Ca" and Mg" ", these suppositions turned out to be right. This inversion is often found in biocolloids, in which the dipole moment (per-manent + inducible) is of the same order of magnitude as that of water (Bungenberg de Jong and Theunissen, 4). BaC1, shows a somewhat exceptional behaviour. Even in the lowest concentrations used it precipitates part of the fibrinogen. At lower Ba'" con' centrations, however, the remainder of the fibrinogen normally clots, without observable complication on the part of the precipitate. The lowering of the fibrinogen concentration should cause a slight exaggeration of the inhibitory action of the Ba"; an eventual binding of a part of the Ba'" in the precipitate should cause the opposite. So there is some uncertainty about the exact position of the Ba'" curve.
(d) Polyvalent Anions.--As in the case of bivalent cations it should be expected that very effective inhibition would be obtained with salts of the l,n type. As Fig. 4 shows, there exist examples of such behaviour.
However, in this group we meet with comphcations. As is shown in Fig. 4 , sulfates and sulfites (except Li~SO4) are not able to cause inhibition comparable with that of the 2-1 salts. StiU more striking is the behaviour of potassium ferrocyanide (1-4) in which case an extremely strong inhibition should be expected. The explanation of these deviations is that all these salts in higher concentrations have the property of precipitating the fibrinogen from its solution, so that they act in the same sense as the thrombin. The cause d this, and the quantitative relations are difficult to understand, because the theory of salting out is still insufficiently developed. It is, however, possible to eliminate these complications by considering the results of the measurements at very low concentrations. It is true that in these cases no strong effects are obtained, but it is seen that sulfates inhibit at even lower concentrations than the 2-I salts, and that I~Fe(CN)6 even inhibits with 50 per cent in a concentration of 0.01 equivalent. The lower concentration limit of inhibitive action is a more important criterion than the maximal inhibition obtainable. So these cases are in perfect agreement with the other experiments.
NATIIRE OF FORCES OPERATING IN BLOOD CLOTTING, I
CONCLUSION AND SD-M-~ARY
The results of the study of the inhibiting effect of neutral salts upon the clotting tendency of fibrinogen by thrombin may be summarised as follows:
Salts like NaCI and KCI inhibit only weakly. Salts of the same cation (K') with monovalent anions of different ionic radius are the more active the larger the anion (CI',Br',I').
Salts of the same cation with anions of different valency are the more active the higher the charge of the anion (1-1 < 1-2 < 1-3 < 1-4).
Salts with the same anion with cations of different valency show stronger inhibition in the case of cations of higher charge (K',Na" < Mg" ", Ca" ", Sr" ", Ba" ").
Salts with the same anion and cations of the same charge, but of different radius, are the more active the larger the cation (but with an inversion between Mg'" and Ca" in the series of the alkali earths, which is not infrequent in biocolloids).
These results show that the clotting of fibrinogen with thrombin is, at least partly, caused by a coacervation process, due to electrostatic attraction between positive and negative groups. Its nature and localisation will be dealt with in the next paper of this series.
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